Glycosylceramides (GlyCers) are precursors of ceramides (Cers) that are major components of the outer layer of human skin, the stratum corneum. A Cer deficiency is associated with skin diseases such as psoriasis and atopic dermatitis and can be treated with Cer-containing semisolid formulations. Plants may serve as alternative sources for expensive semisynthetic Cer production. Since the GlyCer contents of plants vary widely, there is a need to develop a rapid, simple, selective, and precise method for GlyCer quantification in plants. In the present study, an effective and validated automated multiple development-high-performance thin-layer chromatography (AMD-HPTLC) method has been developed for GlyCer quantification in 9 different plant materials. An 18-step gradient elution program (n-hexane, chloroform, ethyl acetate, methanol) led to a clear separation of bands from complex matrices and allowed densitometric analysis for quantification purposes. Apple pomace and wheat germs yielded 26.8 and 39.5 mg of GlyCer per 100 g plant material, respectively, while the yields of coffee grounds were below the limit of quantification. The GlyCer contents of the seeds of six Fabaceae species, namely, Albizia grandibracteata, Albizia gummifera, Albizia lebbeck, Albizia schimperiana, Acacia etbaica, and Robinia pseudoacacia, ranged from 9.4 to 23.1 mg per 100 g plant material. GlyCers were separated by preparative thin-layer chromatography (TLC) and identified by offline high-performance liquid chromatography-mass spectrometry (HPLC-MS). Intact GlyCers were detected in the Fabaceae species for the first time.
Introduction
Ceramides (Cers) are comprised of a sphingoid base and a fatty acid. They stabilize the skin and help to maintain the barrier function against water loss [1] . The outer layer of human skin, the stratum corneum, consists of corneocytes embedded in a lipid matrix [2] , which contains approx. 50% Cers [3] . Aged skin or skin diseases like psoriasis and atopic dermatitis are associated with reduced Cer levels and a disturbed Cer profile [4] [5] [6] . Skin-identical sphingoid bases can be produced semisynthetically in yeasts [7] , followed by an additional acylation step. However, their production is very expensive and alternatives are of particular interest. Nature provides different sphingolipid species in all plants and tissues. Plant Cers show structures similar to major skin Cers, which represent approx. 48% of the total skin Cer content [8] . However, Cers are minor components in the plant lipidome [9] . Plants contain mainly glycosylceramides (GlyCers, Figure 1 ) and glycosyl inositol phosphoryl ceramides; they can therefore serve for plant-based Cer production.
Plant GlyCers consist mainly of the sphingoid bases sphingadienine (d18:2 ∆4,8 ), sphingenine (d18:1
∆8
), and phytosphingenine (t18:1
∆8 ) as well as different α-hydroxylated fatty acid
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Automated Multiple Development-High-Performance Thin-Layer Chromatography components (mainly h16:0, h22:0, h24:0) [10] . GlyCers occur in leaves [11] , flowers [12] , fruits [13] , barks [14] , tubers [15] , rhizomes [16] , nuts, and seeds [17] . The GlyCer content varies between 1 and 100 mg per 100 g of the plant material [18] [19] [20] . Seeds contain especially large amounts of lipids and sphingolipids; they are therefore a target for GlyCer purification [17] .
Several species of the family Fabaceae are reported to contain GlyCers [21] . In the current study, the GlyCer contents of apple pomace, wheat germs, and coffee grounds examined before [22] were compared to seeds of six Fabaceae species, namely, Albizia grandibracteata Taub., Albizia gummifera C.A. Sm., Albizia lebbeck (L.) Benth., Albizia schimperiana Oliv., Acacia etbaica Schweinf., and Robinia pseudoacacia L.
Several techniques including gas chromatography-mass spectrometry (GC-MS) [23] , high-performance liquid chromatography-evaporative light scattering detector (HPLC-ELSD) [18] , HPLC-ultraviolet (UV) [24] , and HPLC-MS [9] have been developed for the quantification of Cers and GlyCers in human skin and plant samples. These methods require extensive sample preparation, special derivatization methods, and tedious separation procedures. Automated multiple development-high-performance thin-layer chromatography (AMD-HPTLC) was used for skin Cer investigations [25, 26] , but plant GlyCer quantification has not been described so far. Thus, in the present study, AMD-HPTLC and offline preparative thinlayer chromatography (TLC)-HPLC-MS have been developed for the quantification of GlyCers in plant material.
Experimental
Chemicals
The solvents for sample preparation were distilled before use, and the solvents for chromatography were of HPLC-grade (all ≥99.9% and n-hexane ≥95.0%) and purchased from Roth (Karlsruhe, Germany). Methanol for mass spectrometry was ultra liquid chromatography (ULC)-MS-grade (99.98%, Biosolve, Valkenswaard, The Netherlands) and served as sample and elution solvent. The water was demineralized (σ = 0.055 μS cm −1 , TKA GenPure, Niederelbert, Germany).
Preparation of Standard Solutions
A reference mix solution (Ref) for lipid classification contained in 1 mL chloroform-methanol 2:1 (v/v) each 100 µg of cholesteryl oleate (≥98%, Sigma, St. Louis, MO, USA), linoleic acid (≥98%, AppliChem, Darmstadt, Germany), β-sitosterol (≥80%, Roth, Karlsruhe, Germany), β-sitosterol glucoside (purified from Urtica dioica L. in the Institute of Pharmacy, Halle University, identity verified by NMR, 98% purity), squalene (≥97%, Fluka, Neu-Ulm, Germany), triolein (glycerol trioleate, ≥99%, Sigma, St. Louis, MO, USA), and GlyCer (from soy beans, Glc-d18:2 h16:0 (1), ≥98%, Avanti Polar Lipids, Alabaster, AL, USA). A serial dilution of GlyCer standard substance (1.0, 2.5, 5.0, 20.0, 40.0, 60.0, 100.0 µg mL −1 ) was prepared for quantification purposes.
Plant Materials
Apple pomace (A) was obtained from becker -Eislebener Fruchtsaft (Eisleben, Germany), wheat germs (W) were bought from Dr. Grandel (Augsburg, Germany), and ground coffee (C) from Jacobs Douwe Egberts (Bremen, Germany). Coffee grounds were further processed by percolation with hot water and drying prior to Cer extraction. . Both organic phases were combined and evaporated to dryness. The residues were redissolved in chloroformmethanol 2:1 (v/v) to achieve a 2 mg mL −1 solution.
TLC Analysis for Qualitative Screening
Organic phases (10 µL) and reference mix solution (Ref, 10 µL) were applied on TLC aluminum plates (silica gel 60 F 254 , layer thickness 0.2 mm, 100 × 100 mm, Merck, Darmstadt, Germany) with Linomat IV (CAMAG, Muttenz, Switzerland) as 6-mm bands. The distance from the lower edge was 8 mm, from the left side, 12 mm, and the space between the bands was 4 mm to give 8 samples per plate. The TLC plates were developed in a development chamber (100 × 100 mm, Desaga, Wiesloch, Germany) using chloroform-methanol 85:15 (v/v) as the solvent system [27] . The lipids were visualized as grey-brown bands after immersion in a solution of copper(II) sulfate (10%), phosphoric acid (8%), and methanol (5%) in water and subsequent heating at 150°C for 10 min (lipid charring).
AMD-HPTLC Analysis for Quantification
HPTLC glass plates (silica gel 60 F 254 , GLP; layer thickness, 0.2 mm, 100 × 200 mm; Merck, Darmstadt, Germany) were immersed in isopropanol at least for 2 h and dried at 130°C in an oven for 30 min just before use [26] . Six-millimeter bands of both the organic phases (10 µL) and reference mix solution (10 µL) were applied with Automatic TLC Sampler 4 (CAMAG, Muttenz, Switzerland). The distance from the lower edge was 8 mm, from the left side, 15 mm, and the track distance was 10 mm to give 18 samples per plate. An 18-step gradient elution ( Figure 2 ) was adapted from Refs. [25] and [26] . The gradient was adjusted to GlyCer's polarity by increasing the polarity of the solvent mixtures ( Figure 2) and was carried out by the AMD 2 device (CAMAG, Muttenz, Switzerland).
Preconditioning of the gas phase in the development chamber was done with 4 m acetic acid prior to each development step, and the drying time was set to 1.5 min. The maximum migration distance was 71 mm, and development took place at room temperature (25°C). Lipid charring was used for the visualization of the compounds as described above (Section 2.5), and densitometric analysis with TLC Scanner 3 (CAMAG, Muttenz, Switzerland) was used for quantification. Absorption was measured at 546 nm, slit dimensions were 4 × 0.2 mm, and scan speed was 20 mm s . All devices were controlled by winCATS software (1.4.2, CAMAG, Muttenz, Switzerland).
Method Validation
The method was validated for selectivity, analytical response, limit of detection (LOD), limit of quantification (LOQ), accuracy, repeatability, within-run and between-run precision, and reproducibility of migration distance.
The selectivity of an analytical method is the ability to measure accurately an analyte in the presence of interference, such as plant matrix. The selectivity of the method was examined by comparing chromatograms of the plant extracts with reference compounds comprising mixtures of all relevant lipid classes (R f values). Moreover, GlyCer standard (Glc-d18:2 h16:0 (1)) was added to the organic phase of A. gummifera (see Section 2.4) to test selectivity.
The analytical response was determined according to the International Conference of Harmonization (ICH) standard procedures [28] . Six concentrations of a standard substance (25, 50, 200 , 400, 600, and 1000 ng band −1 Glc-d18:2 h16:0 (1)) were applied 3× on different TLC plates (n = 3). The densitometric analysis led to a polynomial regression (area vs. concentration). Calibration function and correlation coefficient (R were determined experimentally after dilution according to the ICH standard guidelines [28] and signal-to-noise ratio (S/N, European Pharmacopoeia [Ph. Eur.] 8.8, 2.2.46). Accuracy was determined by the method of standard addition. Three identical samples (organic phase of A. gummifera) were supplemented with different additional standard substance concentrations (25, 100, and 400 ng band −1 Glc-d18:2 h16:0 (1)) on 5 different days (n = 5). Accuracy was expressed as recovery (%) and RSD (%). Repeatability was checked with multiple determination (n = 6) of LOD and LOQ, expressed as RSD (%). Within-run precision was measured with 3 replicates of 4 concentration levels (10, 25, 400, and 1000 ng band −1 Glc-d18:2 h16:0 (1) as LOD, LOQ, mean, and high concentration, n = 3). Between-run precision was determined with 3 replicates of the same concentrations on 5 different days (n = 5 × 3). Both were expressed as recovery (%) and RSD (%).
GlyCer Identification by Preparative TLC and HPLC-MS
For preparative TLC, the samples (100 µL) were applied with Linomat IV (CAMAG, Muttenz, Switzerland) as 65-mm bands. After development, the GlyCer silica gel area was scraped off and suspended in 5 mL chloroform-methanol 9:1 (v/v) in an ultra-sonic bath and the suspension was filtered. The solutions were evaporated, suspended in methanol, and filtered using nonpolar cartridge (Chromabond C18 ec, 100 mg, 1 mL, Macherey-Nagel, Düren, Germany) with 3 × 1 mL methanol. The final volume was 100 µL in methanol after evaporation.
Identification was achieved by mass spectrometric analysis (Agilent 6120 B Quadrupole MS, Agilent Technologies, Santa Clara, CA, USA) after chromatographic separation on an Agilent 1260 Infinity LC System (Agilent, Santa Clara, CA, USA). The samples (10 µL suspended in methanol) were separated on a Zorbax Extend-C18 column (5 µm, 4.6 × 150 mm, 80 Å, Agilent Technologies, Santa Clara, CA, USA) at 30°C. The gradient elution program with solvents A (methanol) and B (water), each with 0.1% formic acid, was as follows (flow rate 1.2 mL min 
Results and Discussion
Extraction Yields
Total lipids were extracted from apple pomace, wheat germs, coffee grounds, and seeds of six Fabaceae species. Liquidliquid extraction was performed to separate polar lipids and non-lipids. Dried organic phases accounted between 2.1 and 
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10.1% (w/w) of the initial plant materials (Table 2) . While apple pomace (4.1%, w/w) contained relatively low lipids, wheat germs (10.1%, w/w) and coffee grounds (10.1%, w/w) showed the highest amounts of lipids. The lipid contents of the studied fabaceous plants ranged from 2.1% to 8.3% (w/w). Liquidliquid extraction was necessary because no clear GlyCer band was detected in the total lipid extract by TLC analysis due to the low amounts of the target compounds.
Optimization of Chromatographic Conditions
Silica gel TLC has been commonly used to separate skin Cers [4] . Chloroform and methanol are the essential components of the solvent systems with acetic acid or water used as modifiers [24] . The simple mixture of chloroform-methanol 85:15 (v/v) gives satisfactory results for qualitative GlyCer screening [27] , but cannot separate GlyCers as sharp bands for densitometric analysis (Figure 3) . ); reference: Glc-d18:2 h16:0 (1) RSD, relative standard deviation Table 2 Sample preparation and GlyCers quantification with AMD-HPTLC (n = 3).
Sample
Initial AMD-HPTLC methods were initially reported for skin Cer identification [25, 26] . Previously, we attempted the quantification of GlyCers in plants with these AMD-HPTLC methods [25, 26] after different sample preparations [9, 29] . However, in spite of tedious sample preparation, the method gave unsatisfactory separation of compounds. In the present work, the proportion of methanol was increased in the elution mixture, and acetone previously used as a solubilizer [25] was omitted ( Figure 2 ). An 18-step elution gradient of methanol, chloroform, n-hexane, and ethyl acetate yielded clearly separated and quantifiable GlyCer bands (Figure 3 ).
Separation of Lipid Classes
In contrast to visual detection (Figure 3 ), the densitometric analysis (Figure 4 ) led to better detection results with respect to LOD. Densitograms of all organic phase samples showed a clear and sharp band at the same height of GlyCer reference (R f 0.33) (Figure 4) . Wheat germs showed a double peak that could be due to different GlyCer species (additional Glc-d18:1 h20:0 (2)). All samples showed a similar lipid distribution with an additional band at the elution front, which was attributed to a contamination in n-hexane, because band intensity varied with different batches of n-hexane ( Figures  3 and 4) . However, the band did not affect the quantification of GlyCers.
Method Validation
The reference mix solution showed clear separation of all relevant lipid classes and multiple development afforded sharp bands ( Figure 4 ). However, it was not possible to assign all sample peaks due to the complexity of the organic phases.
GlyCer could be separated within the reference mix without the interference of the other relevant lipid classes (Figure 4) . GlyCers of the sample extracts were identified by comparison of the R f values with an authentic standard substance (Figure 4 ). There was no interfering peak around the R f value of GlyCer. The addition of the standard substance led to increasing peaks at the same R f values, thus indicating the selectivity for the determination of GlyCers in raw plant extracts with good baseline separation.
The analytical response was measured using a standard GlyCer (Glc-d18:2 h16:0 (1)). A calibration function (six concentration levels, 25-1000 ng band
, n = 3) was calculated according to peak area and concentration correlation. Polynomial regression fit (R 2 = 0.9999 ± 0.0001) was found to be superior to that of linear regression (R 2 = 0.9856 ± 0.0034) ( Figure 5 ). LOD (S/N = 3) and LOQ (S/N = 10) were experimentally measured and provided values of 10 and 25 ng per 6-mm band, respectively. For different skin Cers, LOD and LOQ were reported with 50-125 ng and 125-250 ng per 8-mm band, respectively [26] .
Accuracy was determined after standard addition (Table 1) . Three concentration levels (25, 100, and 400 ng band −1 , n = 5) were added to three samples (organic phase of A. gummifera).
Recoveries were between 106.5% and 112.1% and RSD between 5.4% and 7.4%. For precision analysis, the reproducibility of the migration distance of all lipid reference classes was measured as differences in R f values of ≤0.01 and RSD of ≤1.4% ) showed RSD of ±2.4% and ±5.2%, respectively. Within-run precision of four concentrations with three replicates (n = 3 per plate) were better than RSD ± 7.7% (Table 1) . Between-run precisions of four concentrations with three replicates on five different days (n = 3 on 5 plates/day) showed RSD between ±2.0% and ±5.4% (Table  1) . The method was therefore selective, accurate, precise, and suitable for GlyCer quantification.
Sample Analysis
Coffee grounds showed only detectable amounts above LOD (10 ng band ) after liquidliquid extraction. GlyCer contents of 26.8 and 39.5 mg per 100 g plant material were quantified (n = 3) in apple pomace and wheat germs, respectively (Table 2) . Similar amounts of GlyCer were obtained in apple pomace (28.9 mg/100 g) and wheat germs (33.7 mg/100 g) after complete GlyCer purification using column chromatography and preparative HPLC-MS [22] . Thus, accuracy of the quantitative AMD-HPTLC method could be demonstrated. The 6 fabaceous plant seeds investigated showed GlyCer contents ranging between 9.4 and 23.1 mg/100 g of plant material, which were lower than those of the industrial waste materials (apple pomace and wheat germs) ( Table 2 ).
GlyCer Identification
GlyCers were identified by comparison of their HPLC-MS retention times and m/z values with those of authentic reference substances. While GlyCers were detected as [M+H] + ions, the presence of [M−C 6 H 10 O 5 +H] + fragment ions was indicative of the loss of a hexosyl moiety. Furthermore, intact GlyCer species were identified in all isolated bands (Table 3) .
Apple pomace and wheat germs GlyCer were comprised of both sphingadienine (d18:2) and phytosphingenine (t18:1) sphingoid bases. Sphingenine (d18:1) was only detected in wheat germs, indicating differences depending on the plant species. Fatty acids were h16:0, h22:0, and h24:0. Only wheat germs had different fatty acid chain length (h20:0). Glc-d18:2 h16:0 (1) was identified as the main component in all Fabaceae species. Glc-t18:1 h22/24:0 (4/5) could only be detected in the four Albizia species investigated. These results are consistent with GlyCers reported from other Fabaceae plants [21] . Additionally, Glc-d18:2 h16:0 (1) and Glc-t18:1 h22/24:0 (4/5) were detected in these Albizia seeds for the first time.
Previously, trace amounts of Glc-d18:2 h16:0 (1) and Glc-t24:1 h16:0 were identified in the bark and flowers of Albizia julibrissin and A. lebbeck [12, 14, 30] . This is the first report for the presence of intact GlyCer Glc-d18:2 h16:0 (1) in A. etbaica.
An offline coupling with HPLC-MS was found to be a useful technique as GlyCers were quantified within one band and then separated and identified according to their GlyCer species.
Conclusion
A validated AMD-HTPLC method was developed to quantify GlyCers following a simple sample preparation. AMD-HPTLC coupled with preparative TLC and HPLC-MS was useful for the rapid identification and quantification of GlyCers in plant material. The new method is rapid and simple and may be used for the identification of plants that can be exploited for "phyto"-Cer production. Calibration curve and correlation functions for Glc-d18:2 h16:0 (1, n = 3). Table 3 GlyCers identified by preparative TLC and HPLC-MS.
